Two-dimensional (2D) nanomaterials have distinct properties owing to their extremely small size in one dimension. The common feature of 2D nanomaterials is that they usually contain only one or a few atomic layers. The van der Waals interactions are the dominant force between adjacent layers while much stronger covalent bonding links the atoms with each other within planes. 2D molybdenum disulfide (MoS~2~) has attracted considerable amount of interest in recent years because of its unique properties such as direct bandgap[@b1][@b2], high electron mobility[@b3], stable chemical properties and its graphene-like honeycomb lattice.

Different methods have been designed and developed to prepare single and few layers 2D MoS~2~ nanomaterials. For the example, the top-down methods, which mainly rely on the exfoliation of layered bulk crystals, include the mechanical exfoliation[@b4][@b5][@b6], liquid exfoliation[@b7], chemical intercalation and exfoliation[@b8][@b9]. On the other hand, there are also bottom-up approaches for synthesizing MoS~2~, nanosheets such as chemical vapour deposition (CVD)[@b10][@b11][@b12], sol-gel method[@b13][@b14][@b15] and hydrothermal method[@b16][@b17]. However, none of these methods has been reported to be capable of incorporating N content into MoS~2~ nanosheets especially in a controllable manner.

Doping can dramatically tune the chemical and physical properties of materials, and has been an essential approach for the functionalising of materials. It has been reported that doping of transition metal can change the electronic properties and enhance the catalytic activity of MoS~2~[@b18][@b19]. However, the effect of non-metal light elements doping on MoS~2~ has yet been widely explored[@b20]. Some ab initio studies have been carried out to reveal the effect of doping to the electronic properties of MoS~2~, and it has been predicted that doping of non-metal atoms can significantly modify the magnetic and electronic properties of MoS~2~[@b20][@b21][@b22][@b23]. Recently, Zhou W. et al reported N self-doped MoS~2~ produced by seperated nitridation and sulfuration process showing outstanding performance as catalysis for hydrogen evolution reaction[@b24]. However, it requires complicated and multi-step process and it is unlikely to control the N doping on the final product.

In this paper, we report a different approach for the synthesis of MoS~2~ nanosheets with tunable, high concentration and in-situ nitrogen-doping by a simple and cost-efficiency sol-gel process. The synthesised MoS~2~ nanosheets have only a few layers and enlarged distance between the adjacent layers. The nitrogen content evaluated by the X-ray photoelectron spectroscopy (XPS) in the nanosheets can be adjusted within the range from 5.8 at% to 7.6 at%. This synthesis approach may open up new paths to non-metal element doping and functionalisstion of MoS~2~ for other applications such as catalyst and energy storage and conversion devices including lithium ion batteries.

Results
=======

MoS~2~ nanosheets were synthesised using a sol-gel method with molybdenum chloride (MoCl~5~) and thiourea as starting materials. By adjusting the ratio of MoCl~5~ and thiourea, we are able to produce MoS~2~ nanosheets with almost the same morphology and structure but different N doping level. Products with molar ratio of 1:6, 1:12 and 1:24 will be denoted as MS1-6, MS1-12, and MS1-24 in the following text.

Thermogravimetric analysis (TGA) was performed on the precursor with a starting material ratio of 1:6 from room temperature to 1000°C. As shown in [Figure 1(a)](#f1){ref-type="fig"}, the weight lost curve can be divided into four parts. The first stage of the weight lost began almost right after the heating started. The TGA curve shows a steep weight lost cliff from the room temperature to 130°C, which can be attributed to the evaporation of the remaining ethanol and water in the sample. In the second stage from 130 to 350°C, the starting materials begin to melt and decompose. Thiourea decomposes at a temperature range from 187 to 246°C, releasing various gas including NH~3~, HNCS, CS~2~[@b25], leading to 80% of the weight reduction. These gaseous products provide sulphur to the ensuing reactions, and the gas bubbles also agitate the reaction medium[@b26]. The third stage shows a gentle slope from 350°C and goes up to 625°C. There is almost no weight lost after the third stage, indicating good thermal stability of the end product of MoS~2~.

The XRD patterns collected from the products synthesized with a molar ratio of 1:6 (MS1-6) under different temperatures are shown in [Figure 1(b)](#f1){ref-type="fig"}. The fact that there is no significant diffraction peak in the XRD pattern from the product synthesised at 350°C indicates a disordered and amorphous structure, which suggests that the third stage of the weight lost during the heat treatment described in the TGA curve is crucial in the synthesis, and low temperature annealing is not suitable for the growth of MoS~2~. The product which synthesised at 550°C has more defined diffraction peaks in the XRD patterns and all the peaks can be indexed as hexagonal MoS~2~ (JCPDS No. 37−1492), but it may still contain some residuals from the starting material according to the TGA result. On the other hand, the product synthesised at 650°C has similar diffraction pattern as the product at 550°C, but the relatively stronger (002) diffraction peak of the product synthesised at 650°C indicates better crystallinity. No signals from impurities can be observed in the XRD patterns. At a higher temperature, diffraction peaks appear sharper and more defined as the temperature rises. The (006) and (008) diffraction peaks only appear at 850°C and above. The appearance of peaks (006) and (008) indicates that the crystal growth is more significant in certain direction under higher temperature, meaning the product becomes bulky and bigger in size. Combine with TGA results above, it suggests that a temperature range between 625°C and 850°C would be suitable for the formation of MoS~2~ nanosheets.

Comparison of the diffraction patterns from the products with different starting material molar ratio synthesised under same temperature of 650°C are shown in [Figure 1(c)](#f1){ref-type="fig"}. All the patterns show similarity and negligible difference in aspects of peak position and relative peak intensity. The UV-vis absorption spectra in [Supplementary Figure S1(a)](#s1){ref-type="supplementary-material"} show that all the three product exhibit strong UV absorption for wavelength below 320 nm, while bulk MoS~2~ shows no obvious absorption peak. Two absorption peaks observed at around 211 nm and 239 nm could possibly arise from the scattering of the light from the nanosheets[@b27]. In [Supplementary Figure S1(b)](#s1){ref-type="supplementary-material"}, we can observe two absorption peaks for bulk MoS~2~ at 634 nm and 692 nm which can be assigned to the excitonic transition characteristic, and a broad peak at around 530 nm which can be assigned to the direct transition from the valence band to the conduction band[@b27][@b28][@b29]. Similarly, two peaks can be seen from the spectra of the products as well, at around 620 nm and 680 nm. Broad peaks can be seen at around 475 nm, 465 nm and 451 nm for products MS1-6, MS1-12 and MS1-24, respectively. The blue shift of the peaks is possibly due to the quantum confinement of the nanosheets structure[@b27][@b30]. The similarity of the three products with different ratio can be not only observed in the XRD results, crystal structure and optical absorption, but also in the morphology revealed by the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images.

The SEM images of MS1-6, MS1-12 and MS1-24 are shown in [Figure 2(a), (c) and (e)](#f2){ref-type="fig"}. One can see the morphology of the three products are quite similar to each other, containing well-defined nanosheets with clear edges. The sponge-like porous framework is formed by the aggregated curl nanosheets with a lot of pores and space between the sheets, which might be created by the gas bubbles from the decomposition of thiourea during the heating process. The TEM images in [Figure 2(b), (d) and (f)](#f2){ref-type="fig"} show overlapped and aggregated nanosheets in all the three products. The images reveal the typical structure of the nanosheets, usually containing 3--8 layers, and the distance between adjacent layers can be estimated from the edge of the sheets. The distance for MS1-6, MS1-12 and MS1-24 were measured to be ca. 0.65 nm, 0.64 nm and 0.64 nm, respectively, correspond to the (002) planes of hexagonal MoS~2~. These values are slightly larger than the reported value 0.62 nm for MoS~2~, which are in accordance with the results of the XRD analysis, suggesting that they have enlarged distance between each layers. Comparing the SEM and TEM images from the three products, it is quite clear that the ratio of thiourea in the precursors does not seem to have a great impact to the final structure and morphology of the nanosheets products.

In order to further understand the formation of the 2D porous structure, nitrogen adsorption-desorption isotherm tests were performed. The results are shown in [Figure 3(a), (c) and (e)](#f3){ref-type="fig"}. The isotherms contain typical hysteresis loops in the relative pressure range of 0.4--1.0, indicating a mesoporous structure. Brunauer-Emmett-Teller (BET) calculation reveals that the surface area of products MS1-6, MS1-12 and MS1-24 are 141.2 m^2^g^−1^, 123.1 m^2^g^−1^, 109.5 m^2^g^−1^, respectively, arising from the porous structures and the ultrathin dimension of nanosheets. As shown in [Figure 3(b), (d) and (f)](#f3){ref-type="fig"}, all the three products have pores with two diameter distributions around 2 nm and 5--20 nm.

XPS spectra were acquired on all three products. As shown in [Figure 4(a)](#f4){ref-type="fig"}, there is a hump on the side of Mo 3p~3/2~ peak which originates from the N-Mo bond. Curve fitting shows that the overlapped peak locates at 399.2 eV corresponding to N 1s peak from Mo-N bond[@b24][@b31]. Another N 1s peak at 402.1 eV can be attributed to the NO adsorbed on the surface of the MoS~2~[@b32]. Similarly, the N 1s peaks appear in the spectra for the products MS1-12 and MS1-24 as well. XPS results confirm the substitutional doping of N at the S sites on MoS~2~. Although the overlap between the Mo3p~3/2~ and N1s peaks and the shallow analysis depth of XPS method render it difficult to acquire accurate quantitative analysis of the elements, it can still help us to get a qualitative idea of the element composition and understand the N doping effect. As listed in [Table 1](#t1){ref-type="table"}, analysis of the composition estimates that the products MS1-6, MS1-12 and MS1-24 contain 5.8 at%, 6.4 at% and 7.6 at% of N respectively, excluding the N content from the adsorbed NO. In addition to the XPS results, energy-dispersive X-ray spectroscopy (EDS) mapping were carried out to verify the element distribution. As shown in [Figure 4(b)](#f4){ref-type="fig"}, it clearly shows the presence of elements Mo, S and N in the product and the N element was evenly distributed in the nanosheets, which is in agreement with the XPS analysis.

Discussion
==========

The above experimental results suggest MoS~2~ nanosheets can be successfully synthesised by using a sol-gel method. TGA, XRD and SEM results demonstrate that a temperature around 650°C is optimized for the formation of MoS~2~ nanosheets with a porous structure formed by curled and overlapped nanosheets. The possible formation mechanism of the porous structure can be attributed to the gas bubbles formed during the heating process which act as a sacrificial soft template[@b26][@b33]. TEM images and XRD results reveal an enlarged interlayer distance of the nanosheets. The specific surface area of the products evaluated by Nitrogen adsorption and desorption are above 100 m^2^g^−1^. Despite the similarity of morphology, crystal structure and porous structure of the three products MS1-6, MS1-12 and MS1-24, the difference in N doping can be revealed by XPS analysis, and the N content can be adjusted from ca. 5.8 to 7.6 at%. EDS mapping shows that the N content is evenly distributed in the MoS~2~ nanosheets. Since the N concentration in the final product rises from the starting ratio of thiourea, it can be concluded that it is possible to finely tune the N content in the final product by adjusting the ratio of thiourea without affecting the morphology and the structure of the product.

In summary, we have developed a new simple, efficient and scalable sol-gel approach for the synthesis of MoS~2~ nanosheets with controlled N content and large surface area. This approach may open up new paths to non-metal element doping on MoS~2~ and finely tune the property and functionalise MoS~2~ for other applications, while sol-gel method could be further extended to pave the way to other new 2D nanomaterials with large surface and controlled doping.

Methods
=======

MoS~2~ nanosheets were synthesised using an adapted sol-gel method. In a typical process, about 0.5 g molybdenum chloride (MoCl~5~, Aldrich, 99%) and different molar ratio of (1:6 1:12 and 1:24) thiourea ((NH~2~)~2~CS, Alfa-Aesar, 99%), are first mixed in a glass vial. The mixture were dissolved in excessive ethanol in a fume hood by adding ethanol slowly into the vial under stirring, creating a brown solution. The brown gel-like precursor powders were formed after drying and transferred into a quartz boat and heated in a tube furnace for 3 h under 0.1 L min^−1^ argon flow at different temperatures, at 350°C, 550°C, 650°C, 850°C and 1150°.

X-ray diffraction (XRD) analysis was performed with a Panalytical X\'Pert Powder using Cu Kα radiation source with 2θ range of 10--80° and a step size of 0.02°. The thermal behaviour of the precursor was analysed using thermogravimetric analysis (TGA) on a Netzsch STA 409 PC/PG thermal analyser at a heating rate of 10 K min^−1^ from room temperature to 1000°C in argon gas flow. UV-vis spectra were collected on a Cary 3 UV-vis spectrophotometer with products dispersed in water. Scanning electron microscopy (SEM) was conducted using a Carl Zeiss Supra instrument. Transmission electron microscopy (TEM) images and energy-dispersive X-ray spectroscopy (EDS) mapping were taken on a JEOL JEM-2100 at an acceleration voltage of 200 kV. Nitrogen adsorption and desorption isotherms were obtained using a Tristar 3000 apparatus at 77 K. X-ray photoelectron spectra (XPS) were acquired on a Kratos AXIS Nova with Al Kα X-ray source.
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![TGA and XRD results of the products.\
(a) TGA result of the precursor of material ratio of 1:6 from room temperature to 1000°C. (b) XRD patterns of products of material ratio of 1:6 synthesised under different temperature. (c) XRD patterns of products of different material ratio synthesised under 650°C.](srep07582-f1){#f1}

![SEM and TEM images of the products.\
SEM images of (a) MS1-6, (c) MS1-12 and (e) MS1-24. TEM images of (b) MS1-6, (d) MS1-12 and (f) MS1-24.](srep07582-f2){#f2}

![Nitrogen adsorption desorption isotherms of the products.\
Nitrogen adsorption desorption isotherm of (a) MS1-6, (c) MS1-12 and (e) MS1-24. Pore size distribution of (b) MS1-6, (d) MS1-12 and (f) MS1-24.](srep07582-f3){#f3}

![XPS and EDS mapping of MS1-6.\
(a) XPS spectra of the N 1 s and Mo 3p region of product MS1-6; (b) TEM image of product MS1-6 and corresponding EDS element mapping of Mo, S and N.](srep07582-f4){#f4}

###### Concentration of elements Mo, S and N in product MS1-6, MS1-6 and MS1-24, calculated from XPS analysis

  Sample    Mo (at %)   S (at %)   N (at %)   BET surface area (m^2^g^−1^)
  -------- ----------- ---------- ---------- ------------------------------
  MS1-6       33.1        61.1       5.8                  141
  MS1-12      32.8        60.8       6.4                  123
  MS1-24      33.2        59.3       7.6                  110
